In recent years, it has become clear that all of the organisms on the Earth are related to each other in ways that can be documented by molecular sequence comparison. In this review, we focus on the evolutionary relationships among the proteins of the eukaryotes, especially those that allow inference of function from one species to another. Data and illustrations are derived from specific comparison of eight species: 
INTRODUCTION
When the Human Genome Project was first proposed, it was controversial, in no small part because it was unclear, even to many scientists, how knowledge of the human genome sequence would advance understanding of biology and medicine. Twenty years later, there is no longer any question that the advent of the era of genomic sequences has provided insights and tools that have completely transformed all of the biomedical sciences. The top-level insight, of course, is that all the organisms on Earth are related to each other by descent in ways that can now readily be documented by molecular sequence comparisons. From the point of view of the working biologist, the most important evolutionary relationships are those among the amino acid sequences of proteins. Although other sequences (notably those of conserved RNAs, large and small, and many kinds of regulatory sequences found in genomic DNA) are also important, the bulk of biological functions are carried out by proteins. In this review we focus exclusively on the evolutionary relationships among the proteins of eukaryotes, especially those that allow inference of function from one species to another.
Biologists are interested in two kinds of organism. We study the human organism (Homo sapiens) largely out of self-interest: In the past century it has become manifest that out of biological understanding of ourselves as biological entities comes the power to ameliorate, and sometimes even to eliminate, our diseases. Most of the funding for biological research today is provided in the expectation that what will be learned will ultimately be useful in dealing with human disease; this expectation has largely been met. In addition, the practice of medicine involves much study of individual people, both when they are healthy and when they are not. Doctors obtain highly detailed information both from objective measurements and from the self-reported observations of their patients, a source not available for any experimental organism. However, experiments with humans are often impractical and/or unethical. Thus for experimentation the medical community has turned to various surrogate species, the most widely studied of which is the mouse (Mus musculus). From the point of view of protein sequence evolution, the mouse and the human are very similar, as we shall see.
EIGHT EUKARYOTIC SPECIES COMPARED
The genome sequences have allowed, as indicated above, inference about functions, especially of proteins, based on the evolutionary relatedness. Since even mice are not among the most tractable experimental species, most of what is known about the basic biological functions of proteins in eukaryotes derives not from the study of human or mouse genes and proteins directly, but has been inferred from studies with other simpler eukaryotes, collectively referred to as model organisms. The model organisms all have in common small size, a short life cycle, a small genome, ease of manipulation and analysis by genetic and biochemical means, and, not least, a substantial community of researchers devoted to the study of their basic biology. For this reason, we focus in this review on the protein sequences encoded in the genomes of five of them: a yeast (Saccharomyces cerevisiae), a nematode worm (Caenorhabditis elegans), a fruitfly (Drosophila melanogaster), a flowering plant (Arabidopsis thaliana), and a vertebrate fish (Danio rero). They are the leading experimental organisms for modern biologists, and among them span much of the evolutionary tree of the eukaryotes. Also of particular interest from the point of view of health is the malaria parasite Plasmodium falciparum, an organism that is also very difficult to study in the laboratory and which, although it is a eukaryote, has a relatively exotic parasitic lifestyle. Thus, in this review, we focus on a total of eight eukaryotic species: the five model organisms, mouse, human, and the malaria parasite.
Many thousands of proteins, representing many hundreds of homologous families, are encoded in each of these genomes. In this review we cannot enumerate even a tiny fraction of the evolutionary and functional relationships that might be of interest. So the discussion here is necessarily limited to just a few illustrative examples. For more detail, and for information on evolutionary and functional relationships among proteins and species not mentioned here, the reader is referred to the public databases ( Table 1) . Specifically, we refer to P-POD, a database maintained at Princeton [http://ortholog. princeton.edu; (12) ], which contains the functionalities and curated information (for the same eight species) that we believe are particularly useful to those interested in the conserved functions of eukaryotic proteins. In this review, we have extracted our figures, tables, and examples from P-POD, in the way we imagine readers might when they become
P-POD: Princeton Protein Orthology Database
Ortholog: proteins from different species that are homologous and have evolved from a common ancestor by speciation; often they retain the same biological function interested in a particular function or gene family.
RETENTION OF BIOLOGICAL FUNCTIONS BY ORTHOLOGS
Two protein sequences in different species are orthologous if their amino acid sequences remain similar to each other (homologous) because they originated from a common ancestor, having been separated in evolutionary time only by speciation event(s). When orthology is unambiguous, the two proteins in the two different species generally (but not necessarily) retain the same function, the more so when the function is important or essential to evolutionary fitness. For instance, where there is a single actin gene in each of two species, they are orthologous and likely to have extremely similar functions. It is the relative confidence with which we can infer something about biological function when Homologs: proteins (or genes) that are related based on sequence similarity. Homologs may be either orthologs or paralogs Paralogs: proteins that are homologous due to gene duplication after a speciation event; often they evolve new biological functions orthology is established that makes it such a valuable tool for the working biologist. By knowing the function of a protein in an experimentally tractable organism, one can generally get a very good idea of the function in orthologous proteins in other species, even ones quite distant from the model organism in which experiments were done. There is, of course, no absolute certainty about this inference: Exceptions exist, and ambiguities about which sequence is the true ortholog among several similar homologs in a species are common, as we shall see.
In contrast, paralogs are the result of duplications that happen after speciation event(s). Although paralogous proteins often retain similar biochemical functions, even when the ancestor protein's function is essential, they are free to diverge after the duplication, and generally do so. For example, the several kinds of human hemoglobins are paralogs of each other and also paralogs of myoglobin, as all of these proteins are derived from a common ancestor's heme-carrier protein. It is not always possible to decide which of the paralogs is the "true" ortholog to the ancestor protein.
In the globin example, all retain the hemecarrier function(s), and in the eons of duplication and divergence no one of them may have retained all of the ancestor's essential function(s); it sometimes turns out that these are shared among the more specialized paralogous descendants.
Just about anyone who studies yeast, worms, or flies in their research has written (at least in grant proposals) that studying the basic biology of model organisms is likely to be relevant to human health. In the past decade, the availability of complete protein sets from the most commonly studied eukaryotes has provided a way to identify these orthologs on a global scale and has shown that not just the individual proteins, but how those proteins work in concert within the context of larger biological processes are shared among all eukaryotes (6, 23, 40, 47) . Even processes that at first seem specific to "higher" eukaryotes have analogous pathways in yeast. A particularly impressive example is the striking similarity between neuronal signaling in mammals and vesicular transport along the secretory pathway in yeast [for excellent reviews, see (34, 49) ]. What began as independent parallel efforts in humans (driven by the desire to understand how neurotransmitters are delivered to synapses) and yeast (driven by the desire to understand intracellular trafficking of proteins) turned into a single field of science.
Of course, efficient and accurate identification of orthologs is key to enabling valid information transfer from experimentally tractable systems to the less tractable ones. As described in detail below, P-POD includes a system for finding and evaluating orthologies among the genomes of our eight eukaryotic species. The basic output of the OrthoMCL option is our best approximation of the set of orthologs (see below) and is shown as an arbitrarily rooted similarity tree.
MAMMALIAN ORTHOLOGS OF YEAST PROTEINS CAN PROVIDE MISSING FUNCTION(S) TO YEAST MUTANTS
As indicated above, there is an expectation, but no guarantee, that orthologous proteins will retain the same function over arbitrarily long evolutionary distances. This expectation, very important for inference of human gene functions in particular, has been strongly buttressed by experiments that show directly that in many instances a mammalian protein can indeed functionally substitute for the lack of the corresponding protein in one of the model organisms. The first such "complementation" experiment, published in 1985 (16) , showed that expression in S. cerevisiae of a mammalian RAS protein (one of several paralogs) results in restoration of viability to a double-mutant strain defective in both of the paralogous yeast RAS genes. Figure 1a shows the P-POD output for the query "ras1" with the OrthoMCL option (see below for OrthoMCL description Conservation of ras and Cdc28 proteins. Parts (a) and (b): ortholog families of ras and Cdc28, respectively, generated by OrthoMCL as described.
RAS1 and RAS2 are recently duplicated paralogs, as is the fact that the human genome contains several paralog relatives of the yeast RAS genes. It is interesting, although not surprising, that the malaria parasite, distant both evolutionarily and functionally from the other seven species, has no sequence similar enough to satisfy the algorithm. It is also worth noting, in this and subsequent figures, the clustering together of the mammals, mouse, and human, relative to the other eukaryotes.
Another early example that has had great influence was the cloning, by complementation, of a fission yeast (Schizosaccharomyces pombe) cdc2 mutant (defective in the catalytic subunit of the primary cell-cycledependent protein kinase) of the human ortholog [called CDK1; (26)] as well as the budding yeast ortholog CDC28 (2) . Figure 1b shows the P-POD for the query "cdc28" with the OrthoMCL option. Here there are fewer paralogs overall (the human CDK1 sequence that was recovered in fission yeast is marked "CDC2"). As might be expected from the nature of the function (master regulator of the cell cycle), every one of the eight divergent eukaryotic species has an ortholog.
There are today very many published instances of this kind of functional substitution. Table 2 illustrates a small subset of curated instances from P-POD in which a wellestablished human disease gene itself (and not a paralog), when expressed in yeast, successfully complements a mutation abolishing 
COMPUTATIONAL METHODS TO IDENTIFY ORTHOLOGS
Two basic schemes underlie the many individual computational approaches generally used to identify orthologs: phylogenetic analysis and all-against-all BLASTp reciprocal best hits. The former is the more direct and rigorous approach, where homologs are grouped and aligned, and phylogenetic trees are generated based on these alignments and subsequently examined to identify the orthologs. Several substantial studies have successfully used this approach [for example, (6, 38, 54) ]. The disadvantage of strictly phylogenetic approaches is that they are computationally expensive and generally also seem to require manual intervention.
The all-against-all reciprocal BLASTp approach, where each sequence from one species is used as a BLAST query against the genome of another and vice versa, requires much less computation, and lends itself to full automation. Ortholog pairs are identified as reciprocal best hits, meaning that two sequences in different organisms have higher BLAST (basic local alignment search tool) scores with each other than with any other sequence in the other genome. Several very useful ortholog databases, such as the Clusters of Orthologous Groups (COG) and TIGR Orthologous Gene Alignments (TOGA), have been generated in this way (27, 44) . In general they appear to be efficient in finding orthologs.
Nevertheless, the reciprocal BLAST method (and the assumptions that underlie it) is a compromise. The most serious problem is the large number of false positives that are produced. For example, in a study that identified orthologous pairs of transmembrane proteins in C. elegans and H. sapiens, Remm & Sonnhammer (38) compared results from a rigorous phylogenetic approach to results generated from all-against-all BLAST. The phylogenetic method yielded 174 high-confidence orthologs; the simple two-way BLAST identified 168 of them. However, the BLAST method generated 34 additional ortholog pairs. When the authors examined these more closely, 17 were found to be false positives clearly traceable to problems with the BLAST method, whereas the remaining 17 were unable to be resolved, and thus could be real orthologs not found by the phylogenetic method (or may be due to another problem with the two-way BLAST).
The false-positive problem is most pronounced in eukaryotic genomes, where gene duplication and functional redundancy is commonplace. When duplication occurs after speciation, the duplicated gene often still retains the function of the ortholog; these homologs are referred to as "recent" or inparalogs. "Ancient" paralogs (or out-paralogs) are homologs that arose from duplication
COG: Clusters of Orthologous Groups

TOGA: TIGR Orthologous Gene Alignments
In-paralogs: homologs that arise when duplication occurs after speciation, and the duplicated gene often still retains the function of the ortholog
Out-paralogs:
homologs that arise from duplication events before speciation and are thus likely to be functionally diverged MCL: Markov CLuster algorithm events before speciation and are thus likely to be functionally diverged. The simple twoway BLAST method often cannot distinguish between these types of paralogs and includes them inappropriately in orthologous groups, thus leading to many false positives. Similarity between multidomain proteins that are not functionally related but share common domains can also contribute to false positives in all-versus-all BLAST methods.
Out-paralog algorithms have been devised that aim to deal with at least some of the false-positives generated by all-by-all BLAST methods. For example, the Inparanoid and OrthoMCL algorithms identify orthologous groups such that in-paralogs are retained while out-paralogs are excluded (28, 39). The first step in the Inparanoid method is an allversus-all BLAST to find all possible pairwise similarities. To avoid problems with multidomain proteins, an overlap cutoff of 50% of the entire sequence length is enforced. Ortholog groups are generated by first seeding the group with a reciprocal best hit ortholog pair (the "main ortholog" pair), then building the group by adding in-paralogs and excluding out-paralogs, as appropriate. In-paralogs are clustered around the main ortholog from each species independently, with the criteria used for adding the in-paralogs being that the main ortholog is more similar to in-paralogs from the same species than to any other sequence in the other species. Additional rules are then are applied to merge, delete, or separate overlapping groups.
OrthoMCL similarly distinguishes between recent and ancient paralogs by using BLAST both within and between species, but requires that recent paralogs are included in an orthologous group only when they are more similar to each other than to any other sequence from other species. The main difference between OrthoMCL and Inparanoid is that while Inparanoid generates pairwise orthologous families, OrthoMCL generates orthologous families that contain sequences from more than two species. This is accomplished by using the Markov CLuster (MCL) algorithm, which was originally utilized for graph clustering using flow simulation (7) . The MCL algorithm takes as input a similarity matrix, which is based on a graph where sequences are nodes and edges are relationships between them; all of the relationships in the matrix are considered simultaneously during clustering, which allows for distinction of recent versus ancient paralogs and can avoid the problem caused by similarity shared by multidomain proteins that are mistakenly identified as orthologs by other two-way BLAST methods. Recently, considerations of synteny have been added to the programs to further improve upon the basic BLAST approach [see for example, (19, 55) ]. Several of these ortholog-finding methods have been implemented to create useful resources for researchers, and Table 1 includes Web resources that provide access to one or more instantiations of each of these algorithms.
P-POD offers two views of the relationships among proteins. One of these uses the OrthoMCL algorithm to produce orthologous groups from the eight organisms listed above. The other uses a Jaccard Clustering algorithm (also based on graph theory) originated at TIGR (S. Angiuoli & O. White, personal communication). This algorithm uses the reciprocal BLAST input to produce groups of very highly related proteins, but not necessarily orthologs, by grouping proteins into the same family if they share a signficant number of homologs (12) . Being based on sequence similarity without direct reference to phylogenetic lineage, it allows users to see the orthologous groups provided by OrthoMCL in the fuller context of larger gene families. For instance, in P-POD the OrthoMCL option, when queried with an alpha-tubulin sequence (for example, yeast tub1), will return, for each of the eight eukaryotic species, only alpha-tubulins (the true orthologs and inparalogs; Figure 2 ), whereas the JACCARD option will return the larger tubulin family, including the out-paralogous beta-tubulins and gamma-tubulins (not shown).
INTERSPECIES COMPLEMENTERS AND ESSENTIAL FUNCTIONS ARE ENRICHED AMONG ORTHOLOGOUS GROUPS FOUND BY ORTHOMCL
Since deletions are now available for every gene in the yeast genome, it is possible to study very many potential orthologs for complementing activity. All one needs is a selectable phenotype in yeast; for proteins essential in yeast, this phenotype is simply viability as in the historical examples described above. With 643 experimentally confirmed orthologs that were collected from the literature, we were able to assess the accuracy of the OrthoMCL algorithm as implemented in P-POD. OrthoMCL generated 445 orthologous groups that agreed with the experimental result. In the remaining cases, OrthoMCL either left out an ortholog that should have been present in a group (153 false negatives) or included an ortholog that should not have been present (45 false positives) (12) .
Since deletions of every yeast gene have been assayed for viability, we were able to examine whether essential yeast genes are more likely to be conserved than nonessential ones. We found that indeed essential yeast genes are more likely to be found in an OrthoMCL family than not (χ 2 = 78, p = 1.1 × 10 −18 ). We also examined whether essential genes in yeast are more likely to be orthologous to human disease genes. Here we found no statistically significant enrichment for essentiality among disease-related yeast genes. Surprising at first, this result can easily be rationalized by the realization that genes essential to yeast may in fact be lethal in human cells as well, and thus be inconsistent with the full development required to make even a diseased mammal.
CONSERVATION OF PROTEIN NETWORKS
Proteins do not function alone. They function as parts of pathways, macromolecular structures, and regulatory networks. In order for their biological function to be conserved, they must retain not only their elemental activity (e.g., enzyme or ligand binding) but also the ability to interact with other proteins. Thus one might expect to observe conservation at the level of protein complexes and pathways. Nowhere is this more clear than in the case of an interspecies complementation experiment: If an ortholog from a distantly related species has retained a biological function in the context of the foreign species, it must retain at least minimal ability to carry out the interactions required.
PathBLAST is an algorithm that addresses this by aligning protein networks, where high scoring alignments are subnetworks that contain the same set of proteins that also share sequence similarity (17, 18) . Reguly et al. (37) applied this method to examine protein complexes that yeast and flies have in common. Over 1400 conserved complexes were identified in this manner. Other methods that compare protein networks across species have also been developed [for example, see (14, 20, 21, 29) ].
For reasons similar to the reasons why highly conserved proteins are more likely to be essential, hubs in a protein interaction network, i.e., proteins that interact with many other proteins, are expected to be more likely essential (1, 15, 37) and conserved (15, 51, 52 melanogaster. Next, proteins were grouped based on their connectivity, and evolutionary retention was determined by counting the fraction of orthologs in each group. They found that most connected proteins were indeed more conserved. The authors also determined the fraction of interacting protein pairs that are conserved (i.e., both interacting partners have orthologs) in groups based on the local topology of the network; they found that highly clustered interactions are also more conserved.
Sharan and colleagues (42) extended the PathBLAST algorithm so that networks from multiple species can be directly aligned with each other. They compared the protein interaction networks of yeast, worm, and fly, and found many highly conserved network regions. A representative example is the conservation of the proteasome complex, specifically the physical interactions among subunits that comprise the lid of the 19S regulatory particle. The lid of the 19S regulatory particle recognizes the polyubiquitinated substrate, cleaves the polyubiquitin into monomers, opens the pore, and denatures the protein substrate. Figure 3 illustrates the conservation at the sequence and network level, and that, not surprisingly, much more interaction information is available from yeast, where several highthroughput interaction assays have been applied. Rri1 is included in this subnetwork. Rri1 is the metalloendopeptidase subunit of the COP9 signalosome complex and is not thought to be part of the proteasome. However, it shares significant sequence homology with Rpn11, the corresponding metalloendopeptidase of the proteasome. In two high-throughput mass spectrometry studies (10, 22) , Rri1 was reported to interact with Rpn5, which actually forms a complex with Rpn11; one explanation for this result is that there was misidentification of Rri1 based on its amino acid similarity to Rpn11. The rest of highly conserved COP9 signalosome complex shares significant similarity to the proteasome complex, suggesting a common evolutionary origin of these two important protein complexes [reviewed in (8) ].
USING ORTHOLOGY TO LEARN ABOUT BIOLOGY: ILLUSTRATIVE EXAMPLES
Inference of function from studies of protein orthology can provide insights in many different ways. In each of the examples below, information from a heterologous species provided the basis for experiments that led to important advances in understanding.
Mismatch Repair and Colon Cancer
In 1993, a set of papers appeared showing that inherited nonpolyposis colon cancers have a cellular phenotype: instability of short repeated sequences in the tumor cells (25, 30, 35) . Stimulated by this result, and even before the human genes had been cloned, yeast researchers isolated mutations in yeast genes with the same phenotype (including mutations in MSH2 and MLH1), predicting that the colon cancer gene(s) were likely to be at their homologs (43) . Figure 4a and b shows the orthologs of the yeast MLH1 and MSH2 proteins using OrthoMCL algorithm in P-POD. The MLH1 and MSH2 proteins correspond in sequence and activity to the the biochemically well-characterized mutL and MutS DNA mismatch repair proteins of E. coli, respectively. Each of the eight species, including the human, has an MSH2 and MLH1 ortholog. Using the DNA sequence of these two yeast genes, it was possible to clone the human orthologs, which indeed turned out to be genes whose inheritance predisposes to colon cancer [ (25, 43 ; and others, reviewed in 11)]. Figure 4c shows the Jaccard clustering output for the query MSH2. In this family there are five human paralogs. 
Role of AMP-Activated Kinases
It is by no means always the case that information essential to understanding biology travels Conservation of Snf1/AMPK protein kinases. Ortholog family generated by OrthoMCL.
by its autophosphorylation activity (4). This kinase turned out to be strongly conserved and has orthologs in all the other eukaryotes ( Figure 5 ). As the yeast ortholog was characterized further, it became known that the human Snf1/AMP-activated kinase (AMPK) family is involved in metabolism and stress response [reviewed in (41)], and that AMPK effectively conserves ATP when AMP levels are high. Because of the sequence conservation between yeast Snf1 and rat AMPK, in particular in the protein kinase domains, Woods and colleagues showed that Snf1 and AMPK are functionally interchangeable (by showing yeast Snf1 can specifically phosphorylate a known mammalian AMPK target) and that the biological roles and mechanism of action between AMPK: AMP-activated kinase the two orthologs are remarkably conserved (50) .
The kinases that activate Snf1 are also conserved. In yeast, Sak1, Tos3, and Elm1 are the Snf1-activating kinases, and there are corresponding orthologs in mammals. One such mammalian AMPK-activating kinase, LKB1, which was identified by sequence similarity (13) , is involved in Peutz-Jeghers cancersusceptibility syndrome. The gene encoding the third AMPK-activating kinase to be identified in mammals, TAK1, was cloned by screening a mammalian cDNA library for genes that complement the snf1 growth phenotype of a sak1 tos3 elm1 triple mutant (31). TAK1 would not have been discovered through sequence similarity because identity to other AMPK-activating kinases is not 
HHD:
Hailey-Hailey disease significant enough for it to be uncovered through a BLAST search (31).
Calcium Homeostasis and Signaling
Calcium homeostasis and signaling, critical for several processes in the eukaroyotic cell, is yet another highly conserved pathway ( Figure 6 ). All of the major players in calcium signaling are conserved from yeast to mammals. This fact has been leveraged to better characterize several calcium signaling pathways in mammals, from T cell activation (9) is the fourth in rank when sorted by interactions, RAS2 is seventh, SNF1 is thirteenth, and ACT1 is fifteenth. Virtually every substantial aspect of cell biology is represented. Thus one can study whatever process one is interested in not only in the human or the mouse, but also in the tractable model organism and vice versa.
ORTHOLOGOUS INTERACTING PROTEINS CARRY OUT THE COMMON CELL BIOLOGY OF EUKARYOTES
CONCLUSION
In the current version of P-POD, there are 984 orthologous groups that contain at least 1 member from each of the 8 species, and 555 that contain members from all but the parasite P. falciparum. Summing these together, we find more than 1500 functions that are likely to be universal among free-living organisms that have the standard eukaryotic lifestyle. The reason that so many are absent from P. falciparum may reflect its very different lifestyle, for instance, the highly synchronous waves of transcription (3, 24) . For approximately 20% of these, at least one successful interspecies complementation has been reported in the literature. We see this as a very strong argument for the universality of the basic cell biology of all eukaryotes.
